The telomeres of the malaria parasite Plasmodium falciparum are essential not only for chromosome end maintenance during blood stage development in humans but also to generate genetic diversity by facilitating homologous recombination of subtelomeric, multigene virulence families such as var and rifin. However, other than the telomerase PfTERT, proteins that act at P. falciparum telomeres are poorly characterised. To isolate components that bind to telomeres, we performed oligonucleotide pulldowns and electromobility shift assays with a telomeric DNA probe and identified a non-canonical member of the ApiAP2 family of transcription factors, PfAP2Tel (encoded by PF3D7_0622900), as a component of the P. falciparum telomere-binding protein complex.
Sierra-Miranda, Delgadillo, & Vargas, 2013) . However, to date, while the telomerase's reverse transcriptase component PfTERT has been identified and characterised (Figueiredo et al., 2005) , the composition of the P. falciparum telosome is unknown.
Several studies conducted in the budding yeast Saccharomyces cerevisiae have associated the telosome complex with proteins such as Rap1p (the main structural protein), three Sirtuin proteins and the Yku complex, a heterodimer of Yku70p and Yku80p (Tham & Zakian, 2000) . In mammals, the telosome complex is also called shelterin and contains six telomere-specific proteins: Telomeric repeat-binding factors 1 and 2 (TRF1 and TRF2), protection of telomeres 1 (POT1), TRF1-interacting nuclear protein 2 (TIN2), the human ortholog of the yeast repressor/activator protein 1 (Rap1) and TPP1 (formerly referred to as PTOP/PIP1/TINT1). Although the proteins constituting the telosome of different organisms might perform the same function, they differ between organisms. For example, Rap1 in S. cerevisiae and Taz1 in Schizosaccharomyces pombe recognise telomeric repeats in a sequence-specific manner but exhibit little similarity in their amino acid composition (Linger & Price, 2009 , Price, 2009 ). Another example constitutes human TRF1 and TRF2, proteins that recognise telomeric sequences with high affinity and sequence specificity but show little homology in their primary structure to Rap1 or Taz1 (Palm & de Lange, 2008) . Furthermore, in kinetoplastid parasites such as Trypanosoma brucei, T. cruzi and Leishmania major, homologues of ku80, TRF2, RAP1 and TIN2 have been identified, suggesting that telosomic function is conserved across different kingdoms (Lira, Giardini, Neto, Conte, & Cano, 2007 , da Silva et al., 2010 . However, given that homologs and/or orthologs of yeast and mammalian telosome components have not been identified in the P. falciparum proteome (HernandezRivas et al., 2013) , it becomes important to characterise the proteins comprising the P. falciparum telosomic complex in a hypothesis-free manner. If these proteins are distinct from those of other species, they could represent promising therapeutic drug targets.
In this work, we describe the isolation and characterisation of a member of the ApiAP2 family of transcription factors with an atypical AP2 domain, referred to herewith as PfAP2Tel, that is able to bind directly to telomeric repeats of P. falciparum. This protein localises at the nuclear periphery in P. falciparum blood stages and colocalizes with telomeric clusters. Genome-wide chromatin immnoprecipitation (ChIPseq) assays corroborated that this protein binds to the telomeric regions of all 14 chromosomes. Overall, this work describes an unanticipated function for ApiAP2 proteins, advancing our understanding of chromosome end biology in the malaria parasite.
2 | RESULTS 2.1 | A nuclear protein complex binds specifically to P. falciparum telomere repeats
To isolate P. falciparum proteins that associate with telomeres, we first performed electromobility shift assays using a radiolabeled DNA probe that contains 10 telomere repeats GGGTT(T/C)A (Mancio- and nuclear extracts (NE) prepared from asynchronous blood stage cultures of P. falciparum. A DNA-protein complex was observed in the presence of NE (Figure 1a) , which was competed away with excess unlabeled homologous competitor (5 or 50 times excess) but not with a heterologous competitor corresponding to the binding site of the transcription factor Sp1 (Dynan & Tjian, 1983) (Figure 1a ). When the DNA-protein complex was UV crosslinked, resolved using denaturing polyacrylamide gel electrophoresis (i.e., Laemmli SDS-PAGE) and visualised by autoradiography, at least eight proteins approximately 72, 55, 35, 24, 20, 18, 17 and 15 kDa in size were detected to bind directly to the telomere probe ( Figure 1b) ; total bacterial protein extracts were used as a negative control. These results indicate that the telomere contains cis-acting elements that directly bind to P. falciparum nuclear proteins.
We next performed oligonucleotide pulldown assays using a biotinylated 77 base pair (bp) telomere probe and P. falciparum NE as described previously (Chene et al., 2012) , resolved the bound proteins by SDS-PAGE and detected the bands using silver staining; a 77 bp ATrich DNA probe served as a non-specific negative control. At least 20 bands were detected, with molecular weights ranging from 30 to >170 kDa (Figure 1c ), all of which could reconstitute the DNA-protein complex observed in Figure 1d . In contrast, these proteins did not bind to a probe that corresponded to the promoter region of KAHRP (Figure 1e ), indicating that the isolated proteins exclusively recognise telomeres.
Finally, to determine the identity of the telomere-binding P. falciparum proteins, we carried out LC-MS/MS mass spectrometry analysis of the proteins that bound in the oligonucleotide pulldown assays. A set of 100 proteins each bound to the telomere or AT-rich probe (Supplementary Table S1 ), of which seven proteins were unique to the telomere-binding protein complex (Table 1) . These included a protein with a putative role in DNA replication (PF3D7_1429900), two proteins that may play a role in DNA repair (PF3D7_0206000 and PF3D7_1117800), the bromodomain protein PfBDP1, a protein with a zinc finger domain that may participate in transcriptional regulation (PF3D7 0517900), a leucine-repeat rich protein LRR6 (PF3D7_0612200) and a member of the ApiAP2 family of transcription factors (PF3D7_0622900). Given the emerging significance of the~27 Plasmodium ApiAP2 proteins as master regulators of transcription and life cycle stage transitions (Flueck et al., 2009 , Painter, Campbell, & Llinas, 2011 , we focus on PF3D7_0622900 for the rest of this study.
2.2 | A member of the telomere-binding protein complex, PF3D7_0622900/PfAP2Tel, has an atypical AP2 domain PF3D7_0622900 encodes a protein-hereafter referred to as PfAP2Tel -1,989 aa long and of predicted size 237 kDa, with the only identifiable domain being a DNA-binding Aptela 2 or AP2 domain (Biasini et al., 2013) between amino acids 840 and 885 (Figure 2a) . The presence of the AP2 domain was confirmed using the Simple Modular Architecture Research Tool (Letunic, Doerks, & Bork, 2015) program.
Homologs of PfAP2Tel are present in other Plasmodium spp. and show high sequence conservation (Supplementary Figure 1a) , with the 46 aa AP2 domain being close to 100% identical across homologs (Supplementary Figure 1b) . Interestingly, the AP2 domain of PfAP2Tel is smaller than the average AP2 domain-size of 64 aa and presents 12.5% sequence identity to the AP2 domain of PF3D7_1466400 (PF14-0633), a well-characterised P. falciparum ApiAP2 family member (De Silva et al., 2008) (Figure 2b ), suggesting that it may be a noncanonical ApiAP2. In fact, a Blastp search on http://plasmodb.org using PfAP2Tel's AP2 domain yielded only two other AP2 domain-containing proteins in P. falciparum, PF3D7_1342900 (sequence identity = 26%) and PF3D7_0730500 (sequence identity = 21%). Nevertheless, secondary structure analysis of the AP2 domain of PfAP2-Tel suggested the presence of two ß-sheets and one α-helix, which was confirmed by tertiary structure homology modelling using the AP2 domain of PF3D7_1466400 as template (Lindner, De Silva, Keck, & Llinas, 2010; Figure 2c ). This indicates that PfAP2Tel might bind to DNA in a manner similar to that proposed for PF3D7_1466400 (De Silva et al., 2008) .
| PfAP2Tel directly binds to telomere repeats in vitro
Given that PfAP2Tel was identified as a component of the telomerebinding protein complex (Table 1) . we first asked whether it could directly bind to telomeric repeats in vitro. We expressed the AP2 FIGURE 1 A nuclear protein complex specifically recognises cis-acting elements within P. falciparum telomeric repeats. (a) Electromobility shift assays were performed with a 32 P-labeled telomeric probe and P. falciparum nuclear extracts (NE). Competitors included 5-or 50-fold molar excess of an unlabeled telomeric or Sp1 probe. Arrowheads indicate telomere-protein complexes (C) and free probe (FP). (b) A 32 P-labeled telomeric probe was UV-crosslinked to proteins derived from P. falciparum nuclear extracts (NE) or whole cell extract from bacteria (Escherichia coli) and the resulting complex denatures and resolved by SDS-PAGE. Signals were detected by autoradiography. (c) P. falciparum nuclear proteins that bound to a biotinylated telomeric DNA probe or an AT-rich probe were resolved by SDS-PAGE gel and bands visualised by silver staining. The size marker used was PAGE ruler prestained protein ladder (Thermo). (d, e). Electromobility shift assays were performed with a 32 P-labeled telomeric probe (d) or KAHRP probe (e) and either P. falciparum NE or 200 ng of proteins that purified with the biotinylated probe in part (c). Arrowheads indicate DNAprotein complexes (C) and FP domain of PfAP2Tel as a recombinant protein tagged N-terminally with a Glutathione-S-transferase tag (Supplementary Figure 2a) and used this GST-PfAP2Tel protein in EMSAs with a radiolabeled telomeric probe. As shown in Figure 3a ,b, the recombinant protein bound specifically to the telomeric probe and not to a KAHRP probe, in contrast to free GST, which served as a negative control. Next, we generated antibodies against GST-PfAP2Tel and performed EMSAs with P. falciparum schizont stage NE and the radiolabeled telomeric probe in the presence or absence of anti-PfAP2Tel antibodies or pre-immune serum. As expected, a nuclear protein complex bound to the telomere ( 
| PfAP2Tel is a nuclear protein that co-localises with telomeric clusters at the nuclear periphery in vivo
To determine the specificity of the antibodies generated previously, we synchronised P. falciparum parasites at different stages of the The alignment between the AP2 domains of PF3D7_0622900/PfAP2-Tel and PF14_0633 (PF3D7_1466400) (De Silva et al., 2008) was generated using T-Coffee (Notredame, Higgins, & Heringa, 2000) . Identical amino acids are shown in blue. (c) Ribbon diagram of the published crystal structure of the homodimer or monomer of PF3D7_1466400's AP2 domain are shown (De Silva et al., 2008) as is the predicted structure of a monomer of the AP2 domain of PfAP2Tel (generated using SwissModel). Rightmost panel: Superposition of the AP2 domains of PF3D7_1466400 (gray) and PfAP2Tel (red) using Molecular Operating Environment ( P-labeled telomeric probe and P. falciparum NE either in the absence or presence of 5 and 10 μg of anti-PfAP2Tel antibodies, and the respective pre-immune serum (PI). Arrowheads indicate DNA-protein complexes (C) and FP FIGURE 4 PfAP2Tel localises to telomeric foci at the nuclear periphery of blood stage parasites in vivo. (a) Nuclear and cytoplasmic extracts from synchronous 3D7 parasites at the ring (R), trophozoite (T) or schizont (S) stages were immunoblotted with anti-PfAP2Tel antibodies. Anti-histone H4 and anti-PfAldolase antibodies were used as loading controls for the nuclear and cytoplasmic fractions, respectively. (b) immunofluorescence assays were performed with anti-PfAP2Tel antibodies (red) in ring (R) and schizont (S) stages P. falciparum parasites. Nuclear DNA was stained with DAPI (blue). (c) Immunofluorescence assays with anti-PfAP2Tel antibodies (green) were combined with DNA fluorescence in situ hybridisation analysis of telomere ends (red) in ring (R) stage parasites. Nuclear DNA was stained with DAPI (blue). For (b) and (c), scale bars indicate 5 (rings) and 1 μm (Schizonts) and 50 nuclei were analysed from two independent experiments 2.5 | Genome-wide occupancy analysis of PfAP2Tel confirms its preference for the telomeric ends of all 14 P. falciparum chromosomes To demonstrate that PfAP2Tel binds to telomeric regions in vivo, we mapped genome-wide occupancy of PfAP2Tel using ChIP assays followed by high-throughput sequencing (ChIP-Seq). A P. falciparum blood stage culture enriched in schizont and ring stages was used to obtain chromatin, which was then immunoprecipitated with antiPfAP2Tel antibodies; anti-PfHP1 antibodies served as a positive control for ChIP-seq and IgG as a negative control. As shown in Figure 5 and Supplementary Figure 3a , PfAP2Tel is predominantly distributed at the telomeric regions of all 14 P. falciparum chromosomes, spanning a region of 1-1.5 kb. For example, as depicted for chromosomes 3, 7 and 14, PfAP2Tel coverage begins at the distal end of the telomere and progresses until the proximal end, where there is a sharp drop in Figure 3b ; Supplementary Table S2) (Flueck et al., 2009 ): PfHP1 occupancy begins at the proximal end of the telomere ( Figure 5 ; 'zoom in') and spreads into large regions that span sub-telomeric repeats and clonally variant gene families such as var, rif, stevor, Pfmc-2TM ( Figure 5 and Supplementary Figure 3a) . Note that chromosome 14 is missing a subtelomeric repeat region and PfHP1 coverage directly beings at subtelomeric gene families (Figure 5c ; 'zoom in').
When we performed MACS2 peak-calling analysis to identify genomic regions enriched for PfAP2Tel over the ChIP input, we identified 1,162 enrichment peaks (Supplementary Table S3a ). Of these, 28 peaks corresponded to the 28 P. falciparum telomeres (Supplementary Table S2 ; highlighted in pink and green), with an average fold enrichment of~60, and accounting for 30-50% of mapped reads in the PfAP2Tel ChIP-seq datasets (Supplementary Table S4 Figure S4) and the role of PfAP2Tel in regulating these genes remains to be explored.
Of note, there is little to no overlap of PfAP2Tel peaks and Gquadruplex sequences identified in the P. falciparum genome (Calvo & Wasserman, 2016 ; data not shown); such sequences are thought to increase recombination events near chromosome ends, promoting antigenic variation and improving the ability of the parasite to evade the host immune response (Calvo & Wasserman, 2016) .
Finally, we performed motif enrichment analysis to identify the recognition motif of PfAP2Tel by using the sequences of the top 100 peaks listed in Supplementary Table S2 and feeding them into MEME or Multiple EM for Motif Elicitation (Machanick & Bailey, 2011) ; search settings is between 6 and 30 nt wide). As anticipated, the top motif that emerged was the telomeric repeat or variations of the same, including the reverse complement (Supplementary Figure S5a) . When we repeated the analysis with a 'palindrome-only' MEME specification (search settings is between 6 and 30 nt wide), as has been determined for a few PfAP2 domains (De Silva et al., 2008 , Campbell, De Silva, Olszewski, Elemento, & Llinas, 2010 , enriched motifs included a variant of the telomeric repeat and other GC-rich sequences (Supplementary Figure S5b) . All of these data, together, establish PfAP2Tel as a bona fide telomere-binding protein of P. falciparum.
| DISCUSSION
In the last decade, studies addressing P. falciparum chromosome ends have demonstrated that the telomere adopts a T-loop structure, participates in the formation of subtelomeric heterochromatin and anchors chromosome ends to the nuclear periphery, thereby playing an important role in determining nuclear architecture and regulation of gene expression (Hernandez-Rivas et al., 1996) . However, our understanding of the effector proteins that constitute the P. falciparum telosome complex and carry out the aforementioned functions is limited. To explore how the telomere and the telosome complex influence the biology and virulence of P. falciparum, we used an in vitro approach to isolate telomere-binding proteins and identified a nuclear protein complex that recognises telomeric repeats (Figures 1 and 2 and Table 1 ). Further characterisation of one of the members of this complex, an ApiAP2 transcription factor PfAP2Tel, conclusively established that this protein preferentially binds to the telomeres of all 14 P. falciparum chromosomes in vivo (Figures 3-5) .
The ApiAP2 family of DNA-binding proteins, which is homologous to the well-characterised Aptela 2 family of plant transcriptional regulators (Riechmann & Meyerowitz, 1998 , Licausi, Ohme-Takagi, & Perata, 2013 , is considered to be the sole specialised transcription factor family in Plasmodium spp. (Balaji, Babu, Iyer, & Aravind, 2005) and participates in regulating the transcription of genes involved in gametocytogenesis (Kafsack et al., 2014 , Sinha et al., 2014 , Yuda, Iwanaga, Kaneko, & Kato, 2015 , in the development of ookinetes (Yuda et al., 2009) , in the formation of sporozoites (Yuda, Iwanaga, Shigenobu, Kato, & Kaneko, 2010) , in the maturation of the parasite in the liver (Iwanaga, Kaneko, Kato, & Yuda, 2012) , in heterochromatin formation (Flueck et al., 2010) , and many other developmental stage transitions (Modrzynska et al., 2017) . Our study adds another function to this list: formation of the telosomic complex of P. falciparum and potentially, chromosome end maintenance. The specificity of PfAP2Tel to P. falciparum telomeres could be attributed to its atypical AP2 domain, which presents low sequence identity (only 12.5%) to the well-studied ApiAP2 protein PF3D7_1466400 (Figure 2b ) and other members of this family. Indeed, given that its secondary structure contains two of the three β-sheet structures that are essential for AP2 domains to bind to DNA (Lindner et al., 2010) , and that its predicted tertiary structure interacts with DNA ( Figure 3) . we propose that the differences in primary sequence provide PfAP2Tel sufficient specificity to recognise repeated telomeres that are rich in guanines. This is not surprising because 20 of 27 P. falciparum ApiAP2 proteins present unique DNA-binding preferences (De Silva et al., 2008 , Campbell et al., 2010 .
In addition, AP2 domains bind to DNA as homo-and/or heterodimers (Lindner et al., 2010) . This increases the number of target genes that could be regulated by this transcription factor family. Besides, yeast two-hybrid assays identified potential homo-and hetero-typical interactions between different P. falciparum ApiAP2 proteins as well as interaction with other P. falciparum transcriptional regulators (LaCount et al., 2005) . In the case of PfAP2Tel, the formation of homo-and/or hetero-dimers with other PfAP2s as well as heterotypical interactions with other proteins, such as those listed in Table S1 , could enable its targeting to non-telomeric regions like those identified by our ChIPseq experiments ( Figure 5 and Supplementary Figures S4 and S5 ).
That PfAP2Tel binds to telomeres through its ApiAP2 DNA-binding domain is in contrast to other telomere-binding proteins such as Given that bioinformatic analysis of the P. falciparum proteome including PfAP2Tel (PlasmoDB) failed to identify a protein with Myb domain(s), our work indicates that telomere binding in P. falciparum could be different from that described in other organisms. Indeed, given the high conservation of AP2Tel in Plasmodium spp. (88.5% identity; Supplementary Figure 1) , and the presence of AP2Tel homologues/orthologues in Toxoplasma gondii (transcription factor AP2III-1; 18% identity to PfAP2Tel) and Cryptosporidium (a hypothetical protein Chro.40419 with 17.0% identity to PfAP2Tel), the proteins that constitute the telosomic complex could be specific to Apicomplexan parasites. Further studies need to be carried out to corroborate this hypothesis.
The nuclear protein complex that binds to P. falciparum telomeres, in addition to PfAP2Tel, contains proteins with DNA helicase and endonuclease activities, DNA mismatch repair activity, zinc finger domains and bromodomains ( (Sami et al., 2015) .
Additionally, in humans, it was demonstrated that a DNA mismatch repair component MLH1 suppresses the insertion of telomeric sequences at intra-chromosomal sites in telomerase-expressing cells (Jia, Chastain, Zou, Her, & Chai, 2017) . Moreover, the telomeric zinc finger-associated protein TZAP binds directly to telomeric DNA repeats and stimulates telomere trimming, preventing aberrantly long telomeres (Li et al., 2017) . Finally, depletion of the bromodomain protein BRWD1 in mouse female gametes resulted in an abnormal distal telomere structure suggesting that proteins containing bromodomains may play a role in chromatin maintenance in telomere-proximal regions (Pattabiraman et al., 2015) . Based on these, we propose that the remaining components of the P. falciparum telomere-binding complex identified here could participate in telomere DNA replication, repair and in the control of telomere length.
In conclusion, for the first time to our knowledge, we have identified a telomere-binding protein that lacks the Myb domain and instead uses a divergent DNA-binding domain, the AP2 domain, to bind to telomeres. This has allowed us to define a potential new role for members of the ApiAP2 family (Painter et al., 2011) . Furthermore, the presence of extra-telomeric PfAP2Tel occupancy, albeit to a lesser extent than at telomeres, suggests that PfAP2Tel could have multiple functions in regulating the biology of P. falciparum; these remain to be explored. Given that ApiAP2 homologues are absent in the human host, this protein family emerges as an ideal drug target candidate. 
| Preparation of nuclear extracts
Nuclear and cytoplasmic extracts were prepared as previously described (Freitas-Junior et al., 2005 with some modifications. Briefly, 5 × 10 9 parasites of an asynchronous culture of 3D7 strains parasites were isolated from infected erythrocytes by saponin lysis, resuspended in 1 ml of lysis buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.65% NP-40) and incubated for 30 min at 4°C. Then, parasites were lysed by 200 strokes in a prechilled douncer homogenizer and nuclei collected by centrifugation at 14,000 rpm for 30 min at 4°C.
The supernatant containing the cytoplasmic fraction was recovered, aliquoted and stored at −80°C. The nuclei were purified by sucrose density gradient centrifugation. For this purpose, the nuclei were resuspended in 1 ml of lysis buffer and the resulting suspension was layered on to 3 ml of lysis buffer containing 0.34 M sucrose. After centrifugation at 10,000 rpm for 5 min at 4°C, the resulting pellet, which contained purified nuclei, was resuspended in 100 μl of extraction buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA and 1 mM DTT). Following 15 min of vigorous shaking at 4°C, the extract was centrifuged and the supernatant containing nuclear proteins was collected. All buffers used in this protocol contained protease inhibitors (Complete, Roche).
| Electromobility shift assays and UV crosslinking assays
Electromobility shift assays were performed in a 30 μl reaction volume containing 5 μg of P. falciparum NEs, 5,000 cpm of labeled probe, 2 μg poly dA:dT and 0.3 μl of 100X protease inhibitor (Sigma) in binding buffer (20 mM HEPES pH 7.9, 10 mM NaCl, 1 mM DTT, 5% glycerol, 0.25 mg/ml BSA). The telomeric and KAHRP probes were radiolabeled by PCR as described previously (Mancio-Silva et al., 2008) . The reaction was incubated for 30 min at room temperature to allow complex formation. The samples were then loaded on a 4% native polyacrylamide gel (acrylamide:bis-acrylamide, 29:1) prepared in 0.5X TBE buffer and electrophoresed at 20 mA for 4 hr. Gels were dried and autoradiographed. For super-shift assays, polyclonal antibodies against PfAP2Tel or the corresponding pre-immune serum (15 and 30 μg, respectively) were added for 30 min to the binding reaction before incubation with labeled probe. The DNA-protein complexes were resolved as described previously.
To perform UV crosslinking assays, the reaction mixtures described previously were kept on ice and irradiated for 15 min with short wavelength UV (265 nm) and 10 min with long wavelength UV (366 nm). Next, 4 U of MNase and 1.2 U of DNase I were added at all tubes and incubated for 2 hr at 37°C. All the samples were incubated with Laemmli buffer, boiled, centrifugated at 14,000 rpm for 5 min, loaded on a 12% polyacrylamide gel and electrophoresed at 50 mV overnight. The gel was dried for 1 hr and exposed to an X-ray film for autoradiography imaging.
| Oligonucleotide pulldown assays
A 77 bp 5′ biotinylated DNA fragment that contained 10 telomeric repeats or a 30 bp 5′ biotinylated AT-rich probe was incubated with The primers used to generate the telomere probe were:
Telomere-Fw 5′-CCTAAACCCTGAACCCTGAACCCTGAACCCT AAACCCTGAACCCTGAACCCTAAACCCTGAACCCTAAACCCTGAA-3′ and Telomere-Rev 5′-TTCAGGGTTTAGGGTTCAGGGTTTAGGGT TCAGGGTTCAGGGTTTAGGGTTCAGGGTTCAGGGTTCAGGGTTTA GG-3′.
The primers used to generate the AT-rich probe were:
ATprobeFw 5-ǴAATTCTATATATATATATATATAGAATTC-3′
and ATprobeRev 5́-GAATTCTATATATATATAT ATATAGAATTC-3́. All spectra were collected in the reflector mode. Calibration was updated before each acquisition using a standard peptide mixture according to instrument protocol. Database searches for protein identification were performed using the GPS Explorer (Applied Biosystems) software with MASCOT (Matrix Science) search engine.
| Mass spectrometry

| In silico molecular modelling of PfAP2Tel's AP2 domain
Both the prediction of the secondary structure of PfAP2Tel's AP2 domain and the multiple sequence alignment of AP2Tel homologs were performed in JalView (Clamp, Cuff, Searle, & Barton, 2004) . In order to perform homology modeling, a three-dimensional model of the AP2 domain of PfAP2Tel was generated using SWISS-MODEL (Biasini et al., 2013 ) and the crystal structure of the AP2 domain of PF14_0633 from P. falciparum (Lindner et al., 2010) as template. The resulting tertiary structure of PfAP2Tel's AP2 domain was aligned to the structures of the AP2 domain of PF14_0633 (Lindner et al., 2010) in Molecular Operating Environment (Flueck et al.) . Once aligned, both sequences overlapped. With this structure, the backbone RMSD (root mean square distance) was calculated, which is a relative measure of the similarity between two proteins taking as cut-off a value of 0.5. The stereochemical quality of the model was verified with MOE and with the Mol-Probity server (http://kinemage.biochem.duke.
edu/molprobity).
4.7 | Cloning and expression of fusion protein GSTPfAP2Tel and antibody production A 216 bp DNA fragment of PfAP2Tel, which corresponded to the AP2 domain, was PCR-amplified from 3D7 genomic DNA using the primers: 
| Western blot analysis
Total extracts from P. falciparum in Laemmli buffer supplemented with β-mercaptoethanol were separated by SDS-PAGE on a 12% polyacrylamide gel and transferred to a Hybond ELC nitrocellulose (Amersham)
as previously described (Towbin, Staehelin, & Gordon, 1992) . The
PfAP2Tel protein was detected using polyclonal antibodies against antiPfAP2Tel protein (1:2,000) as the primary antibody and a goat anti-rabbit antibody conjugated to horseradish peroxidase (Santa-Cruz, Biotechnology) as the secondary antibody (1:7,500). Finally, signals were developed with an enhanced chemiluminescence (ECL) kit (Amersham).
| Immunofluorescence microscopy
Immunofluorescence assays were performed as previously described (Mancio-Silva et al., 2008) . The final antibody dilutions were antiPfAP2Tel antibodies at 1:500 dilution and Alexa Fluor 568-conjugated goat anti-rabbit antibodies at 1:100 dilution. The samples were analysed using an Olympus microscope BX60.
| Chromatin immunoprecipitation and next generation sequencing
Chromatin immunoprecipitation assays were performed as described previously (Lopez-Rubio, Siegel, & Scherf, 2013) with anti-PfAP2Tel, anti-PfHP1 (Chen et al., 2016) or rabbit IgG (Sigma I5381) antibodies.
Immunoprecipitated DNA and DNA corresponding to the ChIP input were processed using the Microplex Library preparation kit (Diagenode) according to manufacturer's instructions. 4-12 libraries were multiplexed and run on an Illumina NextSeq 500 as a single-end run of 150 nt. The resulting fastq files were analysed as described in the 'Analysis of Next-Generation Sequencing (NGS) data' section. A minimum of two biological replicates was evaluated for each ChIP assay. Properties of the fastq files generated in this study are summarised in Table S4 .
| Analysis of NGS data
Quality control of fastq files was performed using the FastQC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Sequencing reads were mapped to the P. falciparum 3D7 genome (v.3, GeneDB) using the Burrows-Wheeler Alignment tool BWA MEM under default settings (Li & Durbin, 2009 ) to generate sam files, which were further processed using SAMTools (Li, Handsaker, Wysoker, Fennell, Ruan et al., 2009 ) to generate bam files.
For ChIP-seq analysis, bam files served as a starting point to identify enriched peaks in immunoprecipitated DNA relative to the ChIP input. First, correlation of the bam files of the different biological replicates was calculated using bedtools (Quinlan & Hall, 2010 ) and deepTools2 (Ramirez, Dundar, Diehl, Gruning, & Manke, 2014) . Second, enrichment peaks were identified using the MACS2 software (Zhang et al., 2008) after controlling for a false discovery rate of 5%
(default setting of MACS2) using Benjamini and Hochberg's correction method (Benjamini & Hochberg, 1995) . For genome-wide representation of PfAP2Tel and PfHP1 distribution, the coverage of each mark was calculated as average reads per million over bins of 1,000 nucleotides using bedtools. Correlation of the different MACS2 peak files was determined bedtools and deepTools2 as previously described (https:// github.com/taoliu/MACS/wiki/Build-Signal-Track). Linear coverage plots were generated using the Integrated Genomics Viewer (v2.3.72) (Thorvaldsdottir, Robinson, & Mesirov, 2013) .
